14 patients with a gestational age younger than 38 weeks at the time of implantation). Underlying conditions requiring a shunt valve system are listed in Table 1 .
Of the 583 patients, 483 (82.8%) had not had a shunt previously (75.9% of children and 85.7% of adults). In 77 cases a Codman Hakim programmable valve was replaced with a new one.
Codman Hakim Programmable Valve
The alternating polarity of the magnetic field surrounding the Codman Hakim programmable valve allows transcutaneous adjustment of the valve's opening pressure setting from 30 to 200 mm H 2 O in steps of 10 mm H 2 O. This setting can be confirmed by plain skull radiography or fluoroscopy. The valve is available with or without a prechamber.
Valve Opening Pressure Programming
Opening Pressure at Implantation. The opening pressure settings at implantation were selected on the basis of the patient's age, diagnosis, duration of the underlying disease, and the size of the ventricles or cyst. In patients with NPH, the selection of opening pressure was also based on results of a tap test and on the curve profile, amplitude, and opening pressure of a lumbar infusion test. Initial programming of opening pressure was performed while the valve was still within its sterile blister package, ensuring proper positioning of the programming unit's transmitter.
Opening Pressure Adjustment. Adjustments performed to correct accidental resettings (due to unintentional magnetic interference) were disregarded when calculating percentages and averages of the number of adjustments made per valve or per group of patients.
Step-by-step lowering of intracranial pressure after removal of a shunt ligature or anticipating and avoiding expected future complications of overdrainage, was defined as a planned adjustment. The effects of reprogramming opening pressure on patients' symptoms, signs, or radiological findings were evaluated.
Postprocedural Complications
When checking the opening pressure setting, a difference of 10 mm H 2 O above or below the intended pressure setting was not considered a failure because it can be difficult to interpret a misaligned x-ray film.
Patients who died were included in the retrospective analysis of shunt survival if their follow-up period was sufficient. Once a shunt was revised, it was defined to have reached its survival endpoint.
Clinical Follow-Up Review
Outcome was based on an assessment made at the time of the patient's last contact with our department. The minimum follow-up period was 3 months. For all patients, the average time until outcome assessment was 25 months (median 19 months, maximum 80 months). For children the average time was 32 months (median 29 months, maximum 80 months), and for adults it was 22 months (median 16 months, maximum 78 months). Outcome was determined by the effect of treatment on symptoms, signs, and radiological findings of raised intracranial pressure, not comorbidity, and was graded as excellent (clear improvement with no or only minor residual symptoms or signs and a return to independent living); good (improvement but moderate residual symptoms or signs); unchanged; and worse.
Results

Shunt Implantation
Six hundred seven distal catheters (92%) were placed in the peritoneal cavity (96% in children and 90% in adults) and 53 (8%) in the atrium of the heart (3% in children and 10% in adults). Twelve shunts (1.8%) drained a cyst (1% in children and 2.2% in adults) and 14 (2.1%) drained both a cyst and a ventricle (5.4% in children and 0.6% in To enable retroauricular positioning of the valve, the prechamber was cut off in 29 cases (19 times in children and 10 times in adults).
Valve Opening Pressure Programming
Opening Pressure at Implantation. The average opening pressures selected at implantation are presented for each age group and for each different diagnosis in Fig. 2 .
Opening Pressure Adjustments. Overall, 706 reprogramming adjustments were performed (average 1.2 adjustments per patient). An adjustment was made at least once in 247 patients (42.4%) (in 163 adults [38.7%] and in 84 children [51.9%]). In 114 patients (46.2%) the valve only needed to be adjusted once ( Table 2) . Adjustment of opening pressure was required in 48% of patients whose initial programmable valve was implanted at shunt revision compared with 41.2% of patients in whom the shunt was implanted for the first time. The percentage of patients whose valves were adjusted at least once is presented based on diagnosis group in Table 3 .
An analysis of average changes in opening pressure between implantation and follow-up review (either increase or decrease) showed no correlation to age or significant differences between age or diagnostic groups (Fig. 3) .
The majority of opening pressure adjustments were made within 4 months of implantation, but two were made more than 6 years later (Fig. 4) Outcome Evaluation After Adjustment. In instances in which reprogramming was evaluated, patients' status improved after 327 (64.6%) of all adjustments, after 37 (74%) of planned adjustments, and after 216 (61%) of the adjustments in which clinical symptoms or signs were the basis for the decision to reprogram the pressure setting compared with 77 (66.4%) of adjustments in which the decision was based on CT or MR imaging studies. In instances of reprogramming that took place 2 or more years after implantation, 33 evaluated adjustments (68.8%) improved patients' clinical status. Repeated fine adjustments to programming (Ͼ 10 adjustments per patient) performed in nine patients with varying diagnoses did not significantly improve outcome. reset by at least 20 mm H 2 O, increasing pressure in seven cases and decreasing it in 28 cases (Fig. 5) . This accidental resetting was corrected if the resetting was considered clinically significant. Data collected from records of patients in whom valves were implanted in 1997 and thereafter indicated that MR imaging caused accidental resetting of the valve in 11 (26.8%) of 41 cases.
In one valve the pressure setting was lowered on two occasions (by 30 mm H 2 O and by 40 mm H 2 O); this probably occurred in response to placing and twisting a magnet designated for cleaning a fish aquarium against the skin covering the valve. In another instance a patient had been convinced that a "magnetic pillow" would help cure his brain tumor. Proximity of the pillow lowered the valve's opening pressure by 40 mm H 2 O. The pressure setting in a third valve was lowered to 160 mm H 2 O on two occasions; no explanation could be found for this occurrence.
Postprocedural Complications
Shunt Survival. In those patients who had undergone a shunt placement procedure for the first time, the incidence of being spared revision after 1 year was 74.6% (252 of 338); after 2 years, 67.9% (167 of 246); after 3 years, 65.8% (125 of 190); after 4 years, 56.5% (65 of 115); and after 5 years, 53.1% (43 of 81) (Fig. 6 ). Of all 318 instances of shunt revisions, 31.8% were related to the proximal catheter, 22.4% to the distal catheter, and 5.3% to the valve (Table 5) .
The overall infection rate was 8.5% (56 of 660 valves). In instances of first-time shunt implantations, the infection rate was 6.6% (32 of 483 valves) overall and 5.6% (22 of 396 valves) when perioperative antibiotic medications had been administered.
Valve-Related Complications. Valves were removed in 90 cases, as a result of shunt infection in 56 of them. A valve-related complication was the cause of shunt malfunction in 13 implanted valves (2%). Eleven of these were removed when opening pressure measured during the shunt revision procedure was higher than the valve's opening pressure setting; three valves were blocked by visible protein clots; two were considered blocked because the abdominal catheter also showed increased resistance to flow; and six valves were presumed blocked. One valve was removed when the opening pressure measured during shunt revision was 80 mm H 2 O instead of the 100 mm H 2 O at which it was set, and another because the distal connector was fractured.
Difficulty in adjusting the pressure setting was the reason for removal of four valves. One valve was found to be inverted and three could not be adjusted despite repeated reprogramming attempts.
Subdural Hematoma and Hygroma. A nontraumatic subdural hematoma or hygroma was demonstrated in 30 patients (5.1%), 25 adults and five children. Of these, seven patients required no treatment and six were treated in the traditional manner with surgical drainage of the fluid collection and ligation of the shunt system. In three patients surgical drainage was performed, but instead of ligation the opening pressure was raised, and in one patient ligation alone was performed. Thirteen nontraumatic subdural hematomas or hygromas (in 11 adults and two children) were treated solely by raising the valve's opening pres- .   FIG. 4 . Bar graph depicting the time after implantation at which opening pressure adjustments were performed. Most opening pressure adjustments were made during the 1st year after implantation. In selected cases opening pressure adjustments were made up to 6.5 years after insertion. sure; no surgery was necessary. Traumatic subdural hematomas were detected in eight patients (seven adults and one child). An epidural hematoma developed in one infant.
Clinical Outcome at Follow Up
Outcome data grouped by diagnosis are presented in Table 6 . Among pediatric patients, outcome was excellent in 57.8%, good in 39.3%, and unchanged in 1.5%. In adults outcome was excellent in 37.7%, good in 52.7%, and unchanged in 9.3%. In children younger than 2 years of age, 96.2% improved, and in patients older than 80 years of age 76.1% improved. Outcome was classified as worse in three patients because of progression of their underlying disease (anoxic brain damage, fungal meningitis, and traumatic subdural hematoma). One hundred seventeen patients (18 children and 99 adults), including these three, died either of progression of their primary disease or of causes unrelated to shunt malfunction or infection.
Discussion
Since Nulsen and Spitz
28 implanted the first pressureresponsive valve in 1949, a multitude of different valves have been developed. The majority of these are available with a fixed low-, medium-, or high-pressure setting only. Mismatching the shunt valve's opening pressure with the patient's intracranial hydrodynamics is one of the factors that gives rise to over-or underdrainage of CSF. A programmable valve has the clear advantage of enabling the surgeon to make transcutaneous alterations in the valve's opening pressure as the patient's clinical course changes after implantation; in addition, it allows for improved treatment of shunt-dependent patients of all ages and with various diagnoses. Changing conditions during childhood, such as closure of the sutures and attainment of erect posture, as well as changes in older patients with clinical symptoms or radiological findings of NPH, should benefit from a pressure-adjustable valve.
Other authors have indicated that the programmable valve is valuable in the treatment of NPH, hydrocephalus developing after a subarachnoid hemorrhage, arachnoid cyst, cysts in general, aqueductal stenosis, and overdrainage of CSF. 3, 4, 19, 26, 31, 35, 36, 41 Infants, children, and bedridden patients also benefit, as do patients who have undergone many previous surgical revisions of their shunt systems.
3,31-33,38,41
Shunt Implantation
To minimize the risk of introducing large foreign particles, the valve should not be filled or flushed with any solution prior to implantation. For small children with an occipital burr hole, the pediatric version of the valve, devoid of a prechamber, is indicated to allow retroauricular positioning. The placement of the Codman Hakim programmable valve in patients born prematurely and in infants was not shown to cause problems, and no shunt revisions were performed because of skin tension. A postimplantation x-ray film need not be obtained if the valve setting is inspected before implantation by use of a magnifying glass.
Valve Opening Pressure Programming
Opening Pressure at Implantation. In newborn infants the opening pressure at implantation should be set low and
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Clinical experience with the programmable Hakim valve increased later, usually within the first 2 months. To avoid subdural hematomas in older patients, we initially establish a high opening pressure and decrease it step by step when necessary.
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Opening Pressure Adjustment. The magnitude of single adjustments was generally not larger than 30 or 40 mm H 2 O because a larger adjustment can be risky. As has also been observed by other authors, fine tuning or titrating opening pressure more precisely than the traditional low-, medium-, or high-pressure settings offered by nonadjustable valves optimizes treatment by allowing for adaptation and evaluation. 18, 37 Retrospectively, we estimate that, in at least one fourth of patients, valve exchange would have been necessary if nonprogrammable valves had routinely been used. Data regarding the percentage of patients whose valves were adjusted at least once and the magnitude of the average change in opening pressure between times of implantation and follow up, provide an indication of whether the programmable valve was of value. Although insignificant differences among groups makes it difficult to propose guidelines concerning which patients should receive a programmable valve, the following benefits are worth noting: 1) the capability to adjust opening pressure was more frequently used in younger age groups and in patients whose initial programmable valve was implanted at shunt revision; 2) the uncertainty in defining the optimum opening pressure at implantation for patients with NPH 5, 22, 25 is overcome by the use of a programmable valve; 3) CT-guided planned lowering of pressure in patients with arachnoid cysts, Dandy-Walker syndrome cysts, and long-standing hydrocephalus (such as aqueductal stenosis) allows the brain parenchyma to adjust over a longer time period, thereby minimizing the risk of overdrainage-related complications; and 4) adjustment of the valve opening pressure in patients with pseudotumor cerebri is guided by examination of the optic fundus.
The majority of our patients in whom overdrainage occurred were treated by raising the opening pressure. The ball-and-cone construction of the valve leads to an increased flow when the patient assumes the vertical body position because of the siphon effect. 1, 8, 9, 13, 39 A siphon-reducing device is an option and, in selected patients, perhaps outcome could be further improved by implanting such a device.
The valve's setting should be confirmed after every adjustment. Although it is a time-consuming inconvenience for the patient, it is clearly acceptable given that surgical revision of the shunt might be the only alternative. A patient follow-up card, on which all changes in valve settings are noted, facilitates management in an acute situation of shunt malfunction.
Adjustment Failure. Possible causes of adjustment failure include: 1) difficulty in accurately positioning the programming unit's transmitter; 2) no prechamber to aid in localizing the inlet valve; and 3) removal of the programming unit's transmitter too early. Adequate instructions and training are essential. A high degree of offset between transmitter and valve is tolerated 1, 29 and an inverted valve can be identified on a plain skull x-ray film and adjusted following a specific procedure. Retroauricular implantation, in which the valve can rest firmly against the skull bone, provides the best positioning by making palpation easier and by hindering valve rotation.
In our experience the durability of the valve's adjustment mechanism was clearly satisfactory; its function was accurate years after implantation and repeated pressure adjustments. A majority of late adjustments improved outcome.
Accidental Resetting. In our experience, as well as those of others, 1, 3, 9, 27, 29 ,32 the valve's opening pressure must always either be checked after MR imaging or routinely adjusted after MR imaging followed by obtaining a control x-ray film. An external magnetic field other than MR imaging can alter the pressure setting; however, in our 7-year 
Complications of the Procedure
The majority of shunt revisions were necessitated by catheter-related complications and shunt-related infections. The overall infection rate was 8.5%. The infection rate in first-time shunt implantations in which perioperative antibiotic medications were used was 5.6%. These figures are certainly within the ranges reported in other studies. 10, 12, 21, [31] [32] [33] However, our infection rate is higher than that reported by one center. 7 First-time shunt implantation survival was 53.1% in patients with a 5-year follow-up period. The incidence of avoiding revision after 3 years was 65.8%. This figure is in accordance with corresponding figures presented in previous studies. 12, 30, 34 Valve-Related Complications. The Codman Hakim programmable valve has been shown to conform accurately to the manufacturer's specifications, 1, 8, 38 and it has a comparatively low sensitivity to elevated protein levels in the CSF. 39 The valve itself was the site or cause of shunt malfunction in only 13 (2%) of 660 implanted programmable valves, which compares well with the best results obtained using other types of valves. 12 No shunt revisions were required because of valve migration despite the cylindrical shape of the valve.
Subdural Hematoma and Adjustment. The ability to treat a shunt-related complication, such as a subdural fluid collection, by adjusting the valve to a higher setting is an advantage over the use of nonprogrammable valves, and it enables the opening pressure to be slowly lowered once the fluid collection is resorbed. Our findings correspond with those obtained in the treatment of subdural hematomas and hygromas 1, 3, 6, 18, 23, 32, 36, 37 by raising opening pressure alone, without having to ligate the shunt. The treatment of subdural fluid collections by surgical drainage and ligation of the shunt, while at the same time adjusting the valve, has also been reported elsewhere. 4, 11, 32, 35, 36 Conclusions Five-year shunt survival for first-time shunt implantations in this study was 53.1%. The incidence of valve malfunction was 2%. Catheter-related complications and shunt-related infections were the main reasons for surgical revision and the major cause of shunt failure. Accidental resetting of opening pressure, other than that caused by MR imaging, is uncommon. Magnetic resonance imaging caused resetting in 26.8% of cases in which it was used. For this reason, x-ray films must be obtained after MR imaging. Clinical outcome was improved following 64.6% of adjustments.
The aforementioned programming strategies, based on our experience and theoretical approaches to the individual patient's profile, will help avoid complications and improve patient outcome. Because we never know in advance which case will turn out to be complicated, our preference is to use a programmable valve for all conditions in which CSF should be drained.
